IMPORTANCE Abnormal accumulation of tau and amyloid-β (Aβ) proteins in the human brain are 2 pathologic hallmarks of Alzheimer disease (AD). Because pathologic processes begin decades before the onset of the clinical manifestations, the study of the cortical distribution of early-stage pathologic alterations is critical in understanding the underpinnings of the disease.
T he appearance and interplay of abnormal tau and amyloid-β (Aβ) proteins in the human brain have been extensively implicated in the future development of neuronal degeneration and Alzheimer disease (AD). For several decades, it has been observed that misfolded tau and Aβ proteins begin to accumulate in the cerebral tissue decades before any cognitive manifestations appear and with distinctive histologic and spatial affinities. Pathologic forms of tau protein, particularly as intraneuronal neurofibrillary tangles, preferentially concentrate in medial temporal structures, 1,2 and misfolded extracellular Aβ is primarily located in the association cortex of the temporal, parietal, and frontal lobes. 3-9 However, it is still not well understood why these rather stereotyped spatial patterns occur and how they may interact to create a final synergic product of large-scale neurodegeneration. Currently, the advent of high-affinity, high-selectivity tau radioligands for positron emission tomographic (PET) imaging [10] [11] [12] [13] [14] [15] in combination with existing Aβ tracers have opened new means to study such potential interactions in the preclinical and clinical stages of the disease. Alzheimer disease is frequently conceptualized as an amyloid-facilitated tauopathy. 16 The neuron-to-neuron transmission of abnormal intracellular tau via prion-like mechanisms, as well as synaptic glutamatergic excitotoxicity of amyloid abnormalities, have been postulated as major factors for tissue progression. Although AD pathologic alterations seem to spread along interconnected neuronal systems beyond spatial proximity in the brain, [17] [18] [19] [20] [21] [22] there are limited neuroimaging approaches that are able to characterize the putative spreading pathways of preclinical and clinical AD. 17, [23] [24] [25] [26] [27] For instance, if we postulate that AD pathologic alterations progress from the medial temporal to association cortex, a sensitive method should be able to detect spatiotemporal relationship or dependency between pathologic deposits of those systems. In this study, we used a cross-sectional sample of cognitively normal elderly participants in the Harvard Aging Brain Study (HABS) in which group-and individual-level fingerprints of spreading are investigated using a hierarchical clustering approach. We postulated that the AD-related abnormality is sequentially nested in interconnected systems and, as such, is optimally detected with hierarchical clustering approaches. Moreover, by studying the hierarchical nature of tau and Aβ deposits, we can address a long-standing question about their distinctive cortical distribution as well as their largescale spatial overlaps and interactions. In summary, we aimed to characterize the spatial distribution maps and hierarchical clustering organization of tau and Aβ deposits using multitracer PET data from the same study sample and provide grouplevel maps for individual staging of AD-related abnormalities. 
Methods

Participants
Magnetic Resonance Imaging Acquisition and Spatial Normalization
All participants underwent magnetic resonance imaging (MRI) of the whole head on a system (3-T Tim Trio; Siemens) that included a T1-weighted magnetization-prepared rapid gradientecho scan using the following parameters: repetition time, 6400 milliseconds; echo time, 2.8 milliseconds; flip angle, 8°; inversion time, 900 milliseconds; and voxel size, 1.0 × 1.0 × 1.2 mm. We used SPM12 (Wellcome Department of Cognitive Neurology, University College London) running under Matlab, version 8.0 (Mathworks Inc) for imaging preprocessing and normalization of the anatomical T1-weighted MRI images.
PET Acquisition and Preprocessing Procedures
All participants had 2 PET imaging acquisitions: (1) a flortaucipir 18 T807 ( that binds fibrillar Aβ plaques. 31 The 18 F-T807 PET was acquired from 80 to 100 minutes after a 9.0-to 11.0-mCi bolus injection in 4 × 5-minute frames in 3-dimensional mode (63 image planes, 15.2-cm axial field of view, 5.6-mm transaxial resolution, and 2.4-mm slice interval). 14 The final intensity 18 F-T807 maps were calculated using the standardized uptake value
Key Points
Question What are the in vivo cortical distributions and the relationships between tau and amyloid-β deposits in elderly, cognitively normal individuals?
Findings In this cross-sectional study of 88 elderly persons, tau and amyloid-β deposits in the elderly brain displayed well-defined hierarchical cortical relationships as well as overlaps between the principal accumulations of both abnormalities in the heteromodal association regions.
Meaning These findings represent systematic, large-scale mechanisms of early pathologic changes of Alzheimer disease in the elderly human brain. ratio (SUVR) (gray cerebellar reference). The 11 C-PiB PET parameters were as follows: following a transmission scan, 10 to 15 mCi of 11 C-PiB was injected intravenously as a bolus and followed immediately by a 60-minute dynamic PET scan (HR+ scanner; Siemens) in a 3-dimensional mode (63 image planes, 15.2-cm axial field of view, 5.6-mm transaxial resolution, and 2.4-mm slice interval; 69 frames: 12 frames of 15 seconds and 57 frames of 60 seconds). 14, [32] [33] [34] The PiB retention intensity was expressed as the DVR at each voxel and was calculated using the Logan graphical method (gray cerebellar reference). Corrections for normalization, dead time, random coincidences, scattered radiation, and attenuation were performed. The mean time that elapsed between the 2 PET scan sessions was 5.3 (range, 0-20) months. Finally, using SPM12, all PET data in native space were spatially normalized into Montreal Neurological Institute space using the normalized T1-weighted images.
Hierarchical Clustering
We used the 18 F-T807 and 11 C-PiB PET scans of 88 participants in HABS for the neuroimaging analysis. The C-PiB PET images of this sample have previously been studied in association with gray matter atrophy. 35 Mean intensity maps of the 18 F-T807 and 11 C-PiB PET images are presented in Figure 1A for reference purposes regarding the raw spatial characteristics of the data with adaptation. 35 We used these SUVR and DVR PET maps as inputs for the hierarchical clustering approach (Matlab linkage function with Euclidean distance and complete linkage). For computational efficiency, we first downsampled all of the data from the PET images to 6-mm isotropic voxels. Second, we vectorized the individual images and concatenated them into a single voxel-by-participant matrix in each PET imaging modality. Before running the final hierarchical clustering approach, we randomly split the initial sample into a discovery or training data set (n = 30) and a final or testing data set (n = 58) with the holdout method. The training data set was used to identify the optimal number of clusters (k) in our data via silhouette and consistency analyses ( Figure 1B-D) . The final data set was used to determinate the spatial patterns of AD-related abnormalities as well as the individual features of intramodal and intermodal imaging (tau and Aβ). Silhouette analysis is a method that provides interpretation and graphical visualization of cluster partitions based on the dissimilarities between them. 36 In our framework, the silhouette analysis helped to classify the number of voxels that lay inside and outside specific hierarchical clusters and also examine stability with increasing number of partitions within the same sample ( Figure 1B and C). In addition, we used a clustering consistency method based on a sampling approach of the data described elsewhere. 37 This analytical method provides an estimation of the consistency of the hierarchical clustering solution across multiple samples of the training data (leave-1-out strategy, 30 times) since the number of clusters is varied. These complementary methods gave us converging results. After an initial drop, we found that the silhouette values greatly stabilized in the Aβ curve at k = 4 (light blue line in Figure 1B) , and the tau curve reached that point between k = 4 to 6 (dark blue line in Figure 1B) . In both cases, a k = 4 classified the majority of voxels in assigned clusters, leaving only a small proportion with bad classification values (negative silhouette values in Figure 1C ). In Figure 1D , results of the clustering consistency method show that both tau (dark blue line) and Aβ (light blue line) display consistent and optimal cortical partitions at k = 4. Taking into account the outputs of both the silhouette and consistency analyses, we used k = 4 as a selection criterion for the number of clusters in our final hierarchical analysis. Based on the k = 4 partitions, we calculated the mean and total sum intensity signal of tau and Aβ cortical maps at the individual level. We used the mean intensity signal of tau and Aβ clusters of individuals to study associations within (intra) and between (inter) PET modalities. We used single and mean Pearson correlation coefficients, as well as scatter graphs and an association matrix, to study and visualize the interactions within and between PET modalities. We used Caret, version 5, software (PALS surface [PALS-B12], interpolated algorithm, and multifiducial mapping) 38 for the visualization of the tau and Aβ clusters in cortical space.
Results
Tau and Amyloid-β Proteins Distribution
Two specific clusters of high tau intensity that nest together were identified: 1 including the medial temporal lobe, basolateral temporal cortex, and orbitofrontal cortex (Figure 2A,  red) , and the other involving large portions of the frontoparietal and lateral occipital areas (Figure 2A, green) . In addition, we found 2 other clusters displaying less tau intensity and largely involving medial and visual regions (Figure 2A , blue) as well as primary somatomotor cortex (Figure 2A, yellow) . For Aβ deposits, we identified 2 clusters located in distributed heteromodal areas, such as the lateral temporoparietal and frontal regions, in which 1 of the clusters ( Figure 2B , red cluster) is surrounded by or in close proximity to the other ( Figure 2B , green cluster). Two remaining Aβ clusters were found in an irregular distribution involving primary cortices, medial structures, and parahippocampal areas ( Figure 2B , blue and yellow).
Spatial Features of Tau and Amyloid-β Clusters
Tau and Aβ hierarchical clusters differed in intensity and size. The tau and Aβ clusters displayed characteristic patterns of mean and total signal within the topologic clusters. The 2 imaging modalities exhibited consecutive reductions of mean intensity from clusters 1 to 4 (Figure 3 ) but different patterns of the total amount of tau and Aβ. For instance, tau cluster 1 had the highest mean intensity, while tau cluster 2 showed the highest amount of total signal compared with the rest of the clusters. In other words, tau cluster 1 showed a relatively high density of signal due to its elevated intensity and smaller number of voxels compared with tau cluster 2. Tau cluster 2 showed less density but more total signal widely distributed across the cortical mantle. However, the spatial distribution in the Aβ modality demonstrated a more concordant pattern between the mean and total signal. Amyloid-β cluster 1 displayed both the highest intensity and the highest total signal (Figure 3 ). The total Aβ signal abruptly decreased after Aβ cluster 1 and plateaued in the rest of the clusters. 
Tau and Amyloid-β Relationships in Association Cortex
Analysis of relationships within and between tau and Aβ clusters revealed distinct intramodal and intermodal associations. First, we confirmed that each separate modality showed high associations between intramodal clusters, particularly among intra-Aβ clusters (hot colors in the association matrix of Figure 4A and light blue columns in Figure 4C ). Second, we observed that only tau cluster 2 revealed significant associations both within and between modalities. Tau cluster 2 displayed significant correlations with all tau clusters and with Aβ clusters 2, 3, and 4 ( Figure 4B ).
Discussion
Several years before AD dementia manifests, abnormal accumulations of tau and Aβ insoluble proteins are visible in the temporal lobe and association cortex. 13, 14, [39] [40] [41] [42] [43] Tau and Aβ deposits show some degree of spatial specificity as well as some overlap in convergent zones. 12-14 However, we presently have little information about the spatial relationships between these 2 pathologic accumulations, particularly with respect to in vivo human brain data. In this study, we proposed a novel approach to comprehend the theoretically hierarchical spatial organization of tau and Aβ pathologic alterations. Using a hierarchical clustering analysis of multitracer PET data, including those obtained with a novel tau PET tracer, in a sample of elderly individuals, we identified high-resolution associations across neuronal systems, specifically, tau deposits in the medial temporal lobe, lateral temporal cortex, and orbitofrontal cortex that transversely expand to areas in the parietal and frontal lobes. Our in vivo findings show some overlap with the proposed Braak tau stages, 44 although with a specific reorganization of spatial stages. We observed that Braak stages I and II (entorhinal cortex and hippocampus) and stages III to IV (amygdala, temporal lobe, and orbitofrontal cortex) converged into 1 cluster in our data, leaving the other main tau cluster of association cortex as the equivalent to Braak stages V to VI (isocortical areas). The investigation of AD-related abnormalities at early stages is important in understanding the large-scale spreading mechanisms of the disease. In the past, it has been suggested that abnormal tau proteins accumulate along the cerebral tissue via transsynaptic or transneuronal connections, not only by proximity but also by distant synaptic connections. 17, 23, [45] [46] [47] Our hierarchical approach describes this potential advance of tau accumulation. The medial temporal, basolateral temporal, and orbitofrontal cortex establish functional connections with areas of the so-called default mode network. [48] [49] [50] The spatially sequential distribution of tau follows that long-distance connectivity pattern. The difference between the intensity and size of the tau cortical signal, in which tau cluster 2 has a lower mean but higher total signal than tau cluster 1, may also indicate a fingerprint of spatial progression between temporal areas and the association cortex. In contrast, Aβ deposits are already dispersed in widespread heteromodal cortex, and subsequent spatial projections primarily affect surrounding cortical areas-not a substantially different brain system. Therefore, the progression from local to distributed areas in the cortex seems more pronounced in tau than Aβ deposits, at least at the large-scale system level. Nevertheless, at very early stages of the Aβ deposits, in which individuals are classified as amyloid negative by current conventional neuroimaging cutoffs, local spatial associations between temporal, orbitofrontal, and amygdala areas have been found. 24 These regions are part of a much larger cluster, namely, Aβ cluster 1, in the present study. Consequently, it is possible that Aβ cluster 1 is capturing more advanced stages of those detected by our previous graph theory-based approach, 24 making the local to distributed transition of Aβ less noticeable. An enigmatic topic in AD pathophysiology is whether tau and Aβ accumulation deposits are related or even dependent phenomena. Although the predominant deposition of each type of abnormal protein displays distinguishable locations in the cortex, their spatial distributions also show some degree of overlap in specific areas of the human brain, particularly in the association cortex. 44, 51 In fact, both characteristicsdistinct spatial predominance and overlapping pathologymay advocate for plausible interactions between tau and Aβ deposits via concurrent local production or distant connectivity effects, respectively. We believe that the study of the spatial associations between tau and Aβ deposits can offer some important clues about the dependency of these potential relationships and predictive value for longitudinal progression. For instance, in our study, we found that tau deposits in a cluster encompassing large parts of the association cortex (tau cluster 2) showed significant correlations with many Aβ clusters. We did not find a single Aβ cluster that correlated with more than 1 tau cluster or any tau cluster other than tau cluster 2. Moreover, tau cluster 2 displayed a high degree of significant correlation with other tau clusters. In this sense, the combination of both of these findings-high associations within tau modality and between tau and Aβ-supports a prominent role of regionally specific tau deposits in the pathologic interactions and interdigitations with Aβ. These critical tau deposits largely correspond to the association cortex rather than to the initial medial temporal deposits represented in tau cluster 1 in our study. This finding may reinforce the idea that tau in the association cortex is essential to bond the appearance of focal tau in the temporal lobe and widespread Aβ elsewhere and, in some sense, that AD is a tau-centered abnormality with amyloid effects. 16 However, although we found that tau in a specific association cortex cluster better explains widespread Aβ than the opposite, it does not imply any directionality assumption about the cerebral progression of the pathology. It could be possible that Aβ in different clusters induces tau deposits in 1 single cluster (corresponding to the association cortex) as a final product. Thus, in our opinion, the directionality question remains open and should be addressed using longitudinal study designs as soon as these data become available. Finally, we observed an interesting point about the correlations between tau cluster 2 and Aβ cluster 1. Although we expected a high correlation between tau cluster 2 and Aβ cluster 1 due to their manifest spatial overlap in the association cortex, our findings demonstrate the contrary. Tau cluster 2 and Aβ cluster 1 displayed the lowest correlation value among all of the tau cluster 2 interactions. We believe that this result may The arrowhead in panel D shows that tau cluster 2 reveals the highest degree of associations with all AB clusters. DVR indicates distribution volume ratio; SUVR, standardized uptake value ratio. a Statistically significant correlations of tau cluster 2 at the P < .05 level.
suggest a fingerprint of how AD-related pathologic changes spread in the brain. If tau and Aβ productions are spatially dependent, it is likely that they occur across axonally connected, but not colocalized, brain systems. A low correlation between tau and Aβ in the association cortex (tau cluster 2 and Aβ cluster 1) and a high correlation between tau cluster 2 and Aβ cluster 2 support this assumption. Future voxel-level approaches should focus on similar phenomena about asymmetric interactions between tau and Aβ pathology in the human cortex.
Limitations
Our study was a cross-sectional investigation of early stages of tau and Aβ in vivo cortical distributions. Thus, future longitudinal studies are needed to fully understand how these 2 hallmarks of AD dynamically relate and evolve.
Conclusions
In this study, we investigated the cortical distribution of early AD-related pathologic alterations by taking a particular neuroimaging perspective. We interpreted tau and Aβ deposits as patterns of abnormalities that follow hierarchical organized systems. As such, we used a hierarchical clustering approach and multitracer PET imaging to reveal potential spatial mechanisms of AD pathologic changes in the brains of elderly individuals. Our findings support the idea that tau is a major factor in the pathologic spreading of the disease. Moreover, our characterization of hierarchically organized maps of tau and Aβ may help in the near future to improve early individual staging and monitor the cognitive functional effect of tau accumulation on memory decline in the preclinical and clinical stages of AD. 43 
